Abstract
Introduction
Vascular endothelial growth factor A (VEGF-A, hereafter referred to as VEGF) plays a crucial role during organ development, regeneration and carcinogenesis [1] [2] [3] [4] [5] . Alternative Electronic supplementary material The online version of this article (doi:10.1007/s00125-014-3179-y) contains peer-reviewed but unedited supplementary material, which is available to authorised users.
Vegf (also known as Vegfa) mRNA splicing results in three protein isoforms (VEGF120, VEGF164 and VEGF188 in mice), of which VEGF164 has been shown to have the highest bioavailability and biological potency [3, 6, 7] . In the pancreas, beta cells have long been regarded as the major source of VEGF, which has been shown to be essential for proper pancreatic organogenesis, islet-specific capillary formation and beta cell function [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, we have recently shown that VEGF secretion in beta cells is regulated differently from its production, suggesting that neither cellular mRNA levels nor cytoplasmic protein content of VEGF accurately reflects actual VEGF activity [20] .
Islet transplantation is a promising treatment for diabetes, but its outcome has been hampered by poor graft vascularisation [21, 22] . Indeed, the survival and proper function of human islet cell grafts largely depend on a rapid and adequate revascularisation, during which VEGF plays a pivotal role [19, [23] [24] [25] [26] [27] [28] . Of note, contaminating duct cells in human islet preparations for transplantation have been reported to express threefold more VEGF than islet endocrine cells and release VEGF at angiogenic levels in culture, suggesting that duct cells may be an important source of VEGF in the pancreas [29] . However, an analysis of the kinetics of VEGF synthesis and secretion, as well as elucidation of an in vivo role for this ductal VEGF in affecting islet function and physiology, has been lacking.
Here we analysed VEGF in purified cell types in the mouse adult pancreas, and showed that Vegf transcript levels in duct cells are about 40% of the level in beta cells. We further showed that VEGF secreted by duct cells may play an important role in transplanted islet graft vascularisation and function.
Methods
Mouse manipulation All mouse experiments were approved by the Animal Research and Care Committee at the Children's Hospital of Pittsburgh and the University of Pittsburgh IACUC. BAC transgenic glucagon promoter Cre reporter (GCG-Cre) mice were purchased from MMRRC (Chapel Hill, NC, USA) [30] . The BAC transgenic elastase promoter CreERT reporter (Ela-CreERT) mouse has been described before [31, 32] . C57/6, Rosa26CAGTomato (Tomato) and BAC transgenic mouse insulin promoter green fluorescent protein reporter (MIP-GFP) mice [20] were all purchased from Jackson ImmunoResearch (Bar Harbor, Maine, USA). Tamoxifen induction of Tomato expression in acinar cells in Ela-CreERT; Tomato mice have been described before [32] . All experiments used 8-week-old male mice.
Fasting blood glucose monitoring and an intraperitoneal glucose tolerance test (IPGTT) were performed as described previously [20, 33, 34] .
Pancreatic intraductal virus infusion was performed as described previously [32, 35] , but here we delivered 50 μl adeno-associated virus serotype6 vectors (AAV6) (titration of 10 9 ) via catheter at a rate of 10 μl/min to optimise infection of duct cells in the current study.
Islet transplantation was performed on a heated plate. The left kidney of the mouse was exposed through a lumbar incision. The kidney capsule was then incised with a Hamilton syringe (Fisher Scientific, Pittsburgh, PA, USA) and a pocket was made with polyethylene tubing, after which islets were placed under the kidney capsule. The incision in the kidney capsule was cauterised and the peritoneum and skin were closed with suture.
Production of AAV6 vectors expressing Vegf small hairpin RNA under Sox9 promoter The Vegf small hairpin RNA (shRNA) sequence is 5′-TGTGAATGCAGACCAAAGA-3′. The scrambled sequence is 5′-GGTATCTACTAGATGTACT-3′. Vegf shRNA or scrambled oligonucleotides were generated and cloned into the TOPO plasmid (Invitrogen, Carlsbad, CA, USA), which was then used to produce adeno-associated virus serotype6 vectors (AAV6) expressing AAV6-Sox9p-shVegf-2A-GFP (simplified as shVegf) or scrambled sequence AAV6-Sox9p-shCtr-2A-GFP (simplified as shCtr), followed by 2A driving GFP reporter under control of the Sox9 promoter, as described before [35] [36] [37] .
Pancreatic digestion and FACS Pancreatic duct perfusion, subsequent digestion of pancreas and FACS were performed as described previously [20, [32] [33] [34] . The purity of sorted cell fractions was evaluated by expression of cell-type specific markers with RT-qPCR.
Primary cell culture and analysis of VEGF or insulin by ELISA Primary beta cells, duct cells or islets were isolated and cultured as described previously [20] . The conditioned media and the cells were harvested for ELISA (RayBiotech, Norcross, GA, USA) to examine released VEGF and cellular VEGF, respectively. Cells were also harvested for RNA extraction to examine Vegf transcript levels, and for DNA extraction to determine the cell number. Vegf levels were normalised against the DNA content of the cells, as described previously [20] . Insulin levels in the serum or graft were determined using an insulin ELISA kit (ALPCO, Salem, NH, USA).
Human umbilical vein endothelial cell culture and collagen gel assay Human umbilical vein endothelial cells (HUVECs) were grown in M-200 supplemented medium with low-serum growth supplement (Invitrogen) for 48 h before use. HUVECs were embedded in a collagen gel, and plated on a culture plate. Once the collagen polymerised (by keeping the plate at 37°C in a CO 2 incubator for 10-15 min), the same number of purified primary duct cells (infected with shVegf or shCtr), or a piece of microdissected duct, was added to the culture plate. An additional 100-200 μl of collagen was layered on top of the existing gel and epithelium and the plate was returned to the CO 2 incubator. The medium was replenished every day, and culture images were taken after 3 days.
Laser-capture microdissection and RT-qPCR Laser-capture microdissection (LCM) of duct cells and Quantitative reverse transcription polymerase chain reaction (RT-qPCR) were performed as described before [20, 32] . RT-qPCR primers were all purchased from Qiagen (Hilden, Germany), except for VEGF isoforms (ESM Fig. 1 ). Values of genes were normalised against Cyclophilin A, which proved to be stable across the samples. Fold change under various conditions are shown, compared with the control condition (=1).
Immunohistochemistry All pancreas samples were fixed and cryo-protected in 30% sucrose overnight before freezing, as described before [20, 33, 34] . Staining with 3,3′-diaminobenzidine (DAB) was performed using a DAB chromogen system (Dako, Carpinteria, CA, USA). A Biotin-TSA or Cy5-TSA enhancer kit (Fisher Scientific) was used to amplify VEGF signals. GFP was detected by direct fluorescence. Primary antibodies for immunostaining were: guinea pig polyclonal anti-insulin and anti-pancreatic polypeptide (Dako), goat polyclonal anti-VEGF-A (R&D systems, Minneapolis, MN, USA) and anti-insulin (Santa Cruz, CA, USA); rabbit polyclonal anti-somatostatin (Dako) and anti-VEGF-A (Santa Cruz); rat polyclonal anti-CD31 (BD, San Jose, CA, USA) and mouse monoclonal anti-glucagon (Sigma, St Louis, MO, USA). Secondary antibodies were all purchased from Jackson ImmunoResearch. Nuclear staining was performed with Hoechst (BD). When duct cells were labelled with biotindolichos biflorus agglutinin (DBA) (Vector Lab, Burlingame, CA, USA), they were detected with Cy5-conjugated streptavidin. Staining, imaging of sections and quantifications were performed as described previously [20, 33, 34] .
Data analysis All values are depicted as mean ± SEM. Each in vitro experimental condition contains five repeats. Each in vivo experimental group used five mice and each mouse pancreas was analysed on the basis of five sections that were 100 μm apart. All RT-qPCR data are from five samples for each condition. All data were statistically analysed using a two-tailed Student's t test. Significance was considered when p<0.05.
Results

Duct cells produce significant levels of Vegf transcript
We examined the expression of VEGF in normal mouse pancreases by immunostaining and found that 98.4% of beta cells co-stained for VEGF (Fig. 1a) , as the major source of VEGF in islets. Of note, VEGF was also detected in a small proportion of other endocrine cells (alpha cells, 14.3%; delta cells, 1.2%; pancreatic polypeptide [PP] cells, 34.5%) ( Fig. 1b-d ). Messenger RNA levels of Vegf have been thought to be an accurate reflection of protein levels [38] [39] [40] . Recently, we reported that, specifically in pancreatic beta cells, secretion of VEGF is differently regulated from translation, suggesting that neither cellular mRNA levels nor cytoplasmic VEGF protein necessarily reflect VEGF signalling activity. This differential regulation may also explain the high VEGF immunostaining signal in beta cells [20] . Interestingly, weak VEGF immunostaining was readily detected in DBA-positive (DBA + ) duct cells ( Fig. 1a-d, insets) , and could be better visualised with biotin-TSA enhancer staining (ESM Fig. 2 ). We then compared VEGF transcript levels among different FACS-purified pancreatic cell types from digested pancreas, with sorting based on labelling either genetically or by specific membrane markers. Three transgenic mice (MIP-GFP [41] , GCG-Cre; Tomato [30] and Ela-CreERT; Tomato [31] , with a labelling efficiency of 93.5%, 67.5% and 98.6%, respectively) were used for isolating beta cells, alpha cells and acinar cells, respectively. Essentially, zero (less than 0.01%) non-specific labelling was seen in all of the three strains. In parallel, fluorescein-DBA or FITC-conjugated CD31 antibody was applied to pancreatic digests from C57/6 mice to label duct cells or endothelial cells for sorting, respectively (Fig. 2a) . Expression of genes encoding CK19 (specific to duct cells), amylase (specific to acinar cells), synaptophysin (specific to pan-isletendocrine cells) and CD31 (specific to endothelial cells) was evaluated in sorted cells to confirm the purity of fluorescenceactivated cell sorting. Additionally, for beta cell isolation from MIP-GFP mice and alpha cell isolation from GCG-Cre; Tomato mice, individual endocrine genes (encoding insulin, glucagon, somatostatin and PP) were further checked to assure the endocrine cell-type specificity of the sorted cells (Fig. 2b) . Finally, Vegf transcript levels were analysed in these five cell populations, and showed much lower levels in alpha cells, acinar cells and endothelial cells, but a relatively high level in duct cells (42.2±2.8%), compared with beta cells (Fig. 2c) To confirm this relatively high level of Vegf mRNA expression in duct cells, the duct cells were isolated by two other methods. First, the main pancreatic ducts were microdissected from the surrounding tissues and placed in RNA-later (Qiagen) to preserve RNA (Fig. 3a) . In another approach, duct cells were sampled by LCM, following an intrapancreatic ductal injection with fluorescein-DBA prior to harvesting (Fig. 3b) . Specific markers were evaluated in the mRNA from sampled duct cells to confirm purity (Fig. 3c) . Our data showed that Vegf transcript levels were similarly elevated in duct cells isolated by all three methods (Fig. 3d) , suggesting that pancreatic duct cells express a relatively high level of Vegf mRNA compared with other non-beta pancreatic cells.
Cultured duct cells release more VEGF and retain lower intracellular VEGF than beta cells The relatively high levels of Vegf mRNA in duct cells despite the relatively low VEGF immunostaining signal might result from a more rapid VEGF release from duct cells compared with beta cells. Thus, we compared VEGF protein synthesis and release by duct cells with that by beta cells in culture. Our data showed that, compared with beta cells, duct cells secreted a significantly higher level of VEGF protein into conditioned media, but contained a much lower intracellular level of VEGF protein in cell lysates (Fig. 4a) . These data suggest that, compared with beta cells, although duct cells produce less VEGF, they release the VEGF at a more rapid rate. In contrast, beta cells produce more VEGF but seem to retain it longer within the cells [20] .
Differences in VEGF secretion by duct cells and beta cells are not due to differences in expression of VEGF isoforms Mouse VEGF includes VEGF120, VEGF164 and VEGF188 isoforms, which vary in localisation, accessibility, receptor binding and activity, and appear to co-ordinately orchestrate the processes of vascular growth and development [3, 15, 42] . Isoform-specific primers were thus designed (ESM Fig. 1 ) and applied to gene expression analysis. Our data showed that VEGF164 is the major isoform produced by both duct cells and beta cells, and that the ratio of VEGF120 to VEGF164 is similar in duct cells and beta cells (Fig. 4b) . VEGF188 was not detected, consistent with previous reports [11] . These data suggest that the differences in VEGF synthesis and release in duct cells and beta cells are not due to differential expression of VEGF isoforms. VEGF secreted by duct cells promotes tube formation by HUVECs in culture To confirm the vasculogenic effect of the VEGF secreted by duct cells, we knocked down VEGF production in primary duct cells using shRNA. We generated AAV6 vectors carrying Vegf shRNA and a GFP reporter under the Sox9 promoter (shVegf). Vectors with a scrambled sequence were also generated as controls (shCtr) (Fig. 5a ). AAV6 was used because it has the highest infection efficiency in duct cells among all adeno-associated virus serotypes [35, 43] . We used the Sox9 promoter to drive shRNA to increase the specificity of duct cell infection, since Sox9 is predominantly expressed by duct cells in the adult mouse pancreas [35, 44, 45] . Then we performed an intrapancreatic ductal infusion with shRNA viruses (Fig. 5b) , as we described before [32, 35] . A positive correlation between GFP signal intensity (representing successful infection of duct cells) and decreased VEGF immunostaining signal in duct cells by shVegf confirmed the proper targeting of the virus to the pancreatic ducts, and confirmed the ability of the shVegf to inhibit the expression of VEGF (ESM Fig. 3 ). The shRNA-infected pancreatic duct cells were isolated by flow cytometry based on GFP and DBA 5 days after viral infusion (Fig. 5c) . Analysis of mRNA confirmed the immunostaining findings, and showed a 70% knockdown of Vegf transcripts in duct cells by shVegf, compared with shCtr-infected or untreated duct cells (Fig. 5d) . When untreated duct cells and duct cells infected with shVegf or shCtr were subsequently co-cultured with HUVECs in a tube formation assay, the HUVECs substantially increased their tube formation when co-cultured with pancreatic duct cells, with or without shCtr infection. Furthermore, this tube formation was significantly reduced when the co-cultured duct cells had been infected with shVegf (Fig. 5e, f) . To exclude the possibility that changes in ductal structure or integrity due to the single-cell dispersion of the duct cells may have affected VEGF synthesis and release, HUVECs were co-cultured with microdissected intact pancreatic ducts. Similar levels of tube formation were observed, compared with HUVECs co-cultured with fluorescenceactivated sorted duct cells (ESM Fig. 4 ). Taken together, our results suggest that VEGF secreted by duct cells specifically promotes tube formation by HUVECs in culture.
VEGF secreted by duct cells improves vascularisation and function of grafted islets Since duct cells are often present in human islet preparations for transplantation [29] , and since VEGF is well known for its effect on the revascularisation and survival of islet grafts [19, 24, 26] , we co-transplanted 10 5 duct cells, infected with either shVegf or shCtr, along with 300 islets, under the kidney capsule of isogeneic mice 7 days after alloxan injection to ablate recipient beta cells (Fig. 6a) . The grafted islets normalised the blood glucose more rapidly (Fig. 6b) , had a better glucose response (Fig. 6c-e) , greater serum insulin levels (Fig. 6f) and greater graft insulin content (Fig. 6g) when co-transplanted with either normal duct cells (not shown) or with shCtr-infected duct cells, compared with islets transplanted alone (no ducts) or transplanted together with shVegf-infected duct cells. These data suggest that VEGF secreted by ducts improves islet function in the grafts. Immunostaining further showed significantly higher islet vessel density at 2 and 7 days after transplantation when the islets were co-transplanted with untreated ducts (not shown) or ducts infected with shCtr, compared with islets transplanted alone (not shown) or with ducts infected with shVegf (Fig. 6h, i) . These results suggest that VEGF secreted by ducts accelerates islet graft function by improving islet vascularisation, possibly through preventing the loss of pre-existing islet vessels and promoting islet graft revascularisation.
Discussion
Pancreatic beta cells have long been regarded as the only significant source of VEGF in the pancreas, and VEGF expression by beta cells is reported to be crucial for proper pancreatic organogenesis and proper insulin secretion [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Of note, we recently showed that synthesis and release of VEGF are uncoupled in beta cells [20] . In the current study, we further show that pancreatic duct cells produce significant levels of VEGF but display a low cellular immunostaining signal due to prompt secretion of the VEGF. Our data thus confirm previous findings regarding VEGF expression by human duct cells [29] , and further reveal an interesting celltype-dependent regulation of VEGF secretion, separate from the regulation of VEGF synthesis. As endocrine cells, beta cells by necessity are closely associated with capillaries; this association allows accurate glucose sensing and prompt secretion of hormones into the blood. As non-endocrine cells, duct cells would not seem to need such close association with endothelial cells. Therefore, our finding that VEGF release is regulated by glucose levels in beta cells might represent a generalisable difference between endocrine and nonendocrine cells [20] . Interestingly, here we also found that a smaller percentage of non-beta endocrine cells stain positive for VEGF, but contain significantly fewer Vegf transcripts than duct cells. Hence, examining the secretion and synthesis of VEGF in other endocrine and non-endocrine cell types may confirm whether this differential regulation of VEGF synthesis and secretion is seen in other endocrine cell types. Also, our findings have important ramifications for pancreatic development, diabetes and pancreatic ductal carcinoma in that pancreatic ducts appear to be an important but overlooked source of VEGF. First, there is variability in the literature regarding the role of VEGF during pancreas development, depending on whether the Pdx1 or insulin promoter is used to drive VEGF expression. This inconsistency may be simply explained by VEGF expression in the embryonic ducts/ epithelial cells (Pdx1 positive, but insulin negative), and thus suggests that embryonic ductal/epithelial VEGF is a key regulator of vasculogenesis [8, 16-18, 46, 47] . Second, VEGF has been suggested as a key regulator during the onset of autoimmune diabetes, but there is controversy in the literature concerning the exact role of VEGF in this pathogenesis [15, 48] . Secretion of VEGF by duct cells could be an important factor in the pathogenesis of diabetes. Moreover, it is thought that pancreatic cancer can develop from acinar-ductal metaplasia [49, 50] and that metaplastic cells may allow tumour progression by secreting VEGF to induce tumour angiogenesis. Finally, it has been reported that pancreatic duct cell growth and differentiation is dependent on VEGF [51] .
It is well established that VEGF is essential for proper islet revascularisation and islet function after islet transplantation. Previous studies have shown improved outcomes after islet transplantation by either overexpressing VEGF in beta cells or by co-transplanting endothelial (progenitor) cells with the beta cells [19, [23] [24] [25] [26] . Here, we show that the presence of duct cells significantly improved tube formation by HUVECs in culture and that this effect was significantly decreased when VEGF production in duct cells was specifically inhibited by shRNA targeting VEGF. Furthermore, we found that cotransplantation with duct cells significantly shortened the time lag before proper function of grafted islets, apparently due to improved VEGF-dependent islet graft vascularisation. Unlike the results from insulin content measurement and glucose tolerance testing, the difference in fasting blood glucose is only significant in the early stages after transplantation. This may be due to the fact that with time even the relatively poorly functioning islets grafted with VEGF-depleted duct cells are still adequate to prevent significant hyperglycaemia. Experiments with a more severe reduction in the number of transplanted islets may result in a greater difference in fasting blood glucose between mice transplanted with islets plus VEGF-depleted ducts and mice transplanted with islets plus normal ducts.
Taken together, our data suggest that duct cells may improve the vascularisation of the islet grafts and, subsequently, islet function after transplantation, consistent with the findings of a previous study [29] . Since duct cells are commonly present in islet preparations for human islet transplantation and since poor graft revascularisation can contribute to inferior outcomes after islet transplantation, our data suggest that transplanted human islets may be better vascularised when duct cells are present in the islet preparations. Further studies are needed to evaluate whether duct cells may also increase immune reactivity to grafted islets in addition to any pro-angiogenic effect [29] .
